Background. Photodynamic therapy (PDT) is an effective laser treatment for locally treating
INTRODUCTION
Photodynamic therapy (PDT), a cancer-specific treatment based on using light-activated photosensitizers and inducing cytotoxicity in targeted cancer cells, has been widely applied in various cancer treatments. 1 PDT is technically feasible and is a useful modality for treating non-resectable or resectable bile duct carcinomas (BDC). [2] [3] [4] [5] Remarkably, PDT treatment induces a powerful anti-tumor immunological response. 6 In two randomized controlled trials, PDT provided a longer survival. 4, 5 PDT treatment benefits have been reported for treating the targeted area in BDC patients who are receiving chemotherapy or adjuvant chemotherapy after surgery. 7, 8 Thus, PDT should be a promising treatment modality to augment the conventional anticancer chemotherapy and brachytherapy as recommended in the 2009
Japanese BDC treatment guidelines. 9 The first clinically approved photosensitizer, porfimer sodium (Photofrin ® ), is a hematoporphyrin derivative and has a very powerful cytocidal effect in BDC. [1] [2] [3] [4] [5] [6] [7] [8] However, the anti-tumor effect was limited to the shallow bile duct wall because the 630 nm laser used in treatment had a low permeability. 10 Furthermore, the long period of skin photosensitivity required the patients to be kept away from strong sunlight for several weeks following the drug administration. 10 Therefore, we evaluated a new and effective photosensitizer, mono-L-aspartyl chlorin e6 (talaporfin sodium; NPe6, Laserphyrin ® ), which has been used for treating malignant tumors, such as bronchial cancer. [11] [12] [13] The 664 nm semiconductor laser light activates talaporfin sodium and penetrates into deep tissue to a depth of more than 10 mm. 14 Furthermore, laserphyrin-PDT (L-PDT) has a lower skin phototoxicity compared with photofrin-PDT (P-PDT) because talaporfin sodium degrades rapidly in vivo. 15, 16 Based on the demonstrated clinical effectiveness and the photosensitivity principles, a study that compared L-PDT and P-PDT for the treatment of human biliary cancer cells was examined. 17, 18 The Page 4 study demonstrated that L-PDT was a more powerful and effective anticancer treatment, had a higher percent of tumor necrosis and apoptosis, a lower cancer cell proliferation activity and a higher anti-angiogenic activity. Based on these results, a clinical trial evaluating the L-PDT treatment in BDC patients has begun (not published in English). In the BDC patients, various anticancer drugs, such as gemcitabine, have been adopted worldwide, which has resulted in a longer survival period for patients with non-resectable BDC. 19, 20 In the future, combining a systemic chemotherapy and an effective local treatment, such as PDT, would be feasible and necessary for BDC treatment. Therefore, we hypothesized that L-PDT combined with a systemic anticancer treatment would show a greater synergic effect to control cancer tissue compared with PDT alone or systemic chemotherapy alone treatments.
To evaluate our hypothesis, the cytotoxic and angiogenic effects of L-PDT combined with various well-known anticancer drugs were examined in a BDC cell line (NOZ). The percent of tumor necrosis, the TUNEL assay to assess the extent of apoptosis, the PCNA labeling index (LI) to determine the cancer proliferative activity, and vascular endothelial growth factor (VEGF) expression quantification as an index of oxygenation of tumor tissue in vitro and in vivo were the effects evaluated in the present study.
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MATERIALS and METHODS

In vitro studies of photosensitizer properties
Cancer cell culture NOZ cells, a human biliary cancer cell line (JCRB1033: Japanese Collection of Research Bioresources, Tokyo, Japan), were cultured in Dulbecco's modified Eagle medium (DMEM:
Nissui Centical Co., Tokyo) with 10% fetal bovine serum, glutamine (0.6 mg/ml), penicillin (100 units/ml) and streptomycin (100 mg/ml) at 37°C under a humidified atmosphere of 5% CO 2 in air.
Cell viability assay
The effect of PDT on NOZ cell viability was investigated using a novel tetrazolium The anticancer chemotherapeutic drugs that were co-administered in vitro with PDT were 5-fluorouracil (5-FU, Kyowa Hakko Kogyo Co Ltd., Tokyo), gemcitabine (Eli Lilly and Co., Indianapolis, IN), oxaliplatin (Tokyo Chemical Industry, Co., Ltd, Tokyo)) and cisplatin (Bristol Co., Ltd, Tokyo). The anticancer effects of these drugs, used as a single treatment or in multiple treatments, in BDC patients were previously reported. [21] [22] [23] [24] The adequate concentration of each of the anticancer drugs was determined using the MTT assay.
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Animal experiments (in vivo)
Tumor xenograft
In these experiments, 1×10 7 NOZ cells were inoculated subcutaneously into the backs of 4-week-old nude mice (n=16, BALB/cANcrj nu/nu, Charles River Inc., Japan). The tumors that grew to an approximate 8×8 mm size in approximately 21 days after inoculation were used as the experimental models.
PDT protocol
A power meter (30 A-P Ophir Optics, Jerusalem, Israel) was used to measure the light intensity. Talaporfin sodium was injected intraperitoneally into BALB/cANcrj nu/nu mice.
The time interval between the photosensitizer injection and the light exposure for talaporfin sodium was 2 hours. Each tumor received a total energy fluency of 10 mJ/cm 2 /pulse (total 60 J/cm 2 ) for 10 minutes. During the laser light exposure, the animals were anesthetized with a sodium pentobarbital (40 mg/kg body weight) intraperitoneal injection. The PDT was directed to the transplanted tumor on the back of the animal (Fig. 1 ). Mice were sacrificed at 72 hours following the PDT treatment. Neither the photosensitizer nor the laser light were used to treat the control animals (n=4). The adequate administrative dose of talaporfin sodium was 5 mg/kg based on our preliminary study. 18 Based on the in vitro results, the co-administration of anticancer chemotherapeutic drugs, gemcitabine (Eli Lilly) and oxaliplatin (Tokyo Chemical Industry, Co., Ltd.), with PDT were used in vivo in replicates. The adequate dose for each drug in combination with PDT was determined. Nude mice were sacrificed at day 7 following the treatment administration (n=4 for each dose).
Analysis of tumor necrotic area
Four mice per treatment were sacrificed with ether inhalation at 24 hours following the continuous PDT treatment. The tumors were excised and fixed in 3.7% neutral buffered formalin for 24 hours, followed by a routine paraffin embedding process. Three 4-μm sections were prepared from each specimen, mounted on the silanized slides (DAKO Japan
Co., Tokyo), and dried overnight on a hot plate at 37ºC to promote adhesion. In the first section from each of the specimens, routine hematoxylin and eosin (H&E) staining was carried out (Fig. 2a) . In each of the specimens, the tumor necrotic area was measured using computer-assisted image analysis software (Macintosh Image 1.62 program, Apple Computer
Power Book G4). The proportion of the necrotic area relative to the total cross-sectional tumor area was computed. 25 
TUNEL assay
The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay was performed using an Apoptosis Detection Kit (Wako Co. Ltd., Osaka, Japan) in accordance with the manufacturer's instructions. The slides were assessed using light microscopy; the TUNEL-positive nuclei (stained deep brown, 
Statistical analysis
The data are expressed as the mean ± the standard deviation (SD). The statistical significance was determined using the independent samples t-tests. A P value of less than 0.05 was considered statistically significant. All statistical analyses were performed using the Statistical Package for the Social Science (SPSS) software, version 18.0 (SPSS, Chicago, IL).
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RESULTS
In vitro studies
The cell viability at each dose setting for each of the anticancer drugs using MTT assays was examined (n=4 for each dose). The anticancer drug doses that show an equal anti-tumor effect were CDDP at 50 μg/ml, oxaliplatin at 50 μg /ml, gemcitabine at 100 μg /ml and 5-FU at 100 μg /ml. oxaliplatin and gemcitabine and PDT showed a significantly lower cell viability compared with the single anticancer drug and PDT treatments (p<0.05). Based on this result, the most effective regimen for the synergic treatment effect, PDT combined with gemcitabine and oxaliplatin, was administered in the subsequent in vivo study.
In vivo animal study Establishment of administrative dose of talaporfin sodium
Using 5 mg/kg of talaporfin sodium, we examined the adequate oxaliplatin dose. The intraperitoneal administration of 0.5, 1, 5, 10, 20, 30 mg/kg of oxaliplatin was evaluated (n=4 for each dose). All mice died when dosed with 20 and 30 mg/kg of oxaliplatin. Additionally, no tumor necrosis was observed using the 0.5 and 1 mg/kg doses. Using a dose less than 5 mg/kg, only 5% of the tumor necrosis was observed. Using a dose less than 10 mg/kg, 15-20% of the tumor necrosis was observed. Therefore, 10 mg/kg of oxaliplatin was selected as the dose for this study. In the second step, the adequate dose of gemcitabine was also evaluated. The intraperitoneal administration of 1, 5, 10, 20, 50, 100 mg/kg of gemcitabine was evaluated (n=4 for each dose). All mice died when dosed with 100 mg/kg of gemcitabine; therefore, the tumor necrosis could not be evaluated. Additionally, no tumor necrosis was observed using the 1, 5 and 10 mg/kg doses. Using a dose less than 20 mg/kg, a small number of necrotic tumors were observed. Using a dose less than 50 mg/kg, 15-20% of the tumor necrosis was observed. Although cell toxicity was insufficient using the 50 mg/kg dose, a gemcitabine dose of 50 mg/kg was selected for this study based on previously reported results. 27, 28, 29 Page 13
Eventually, the combination dose regimen of 5 mg/kg of talaporfin sodium, 10 mg/kg of oxaliplatin and 50 mg/kg of gemcitabine was selected for use in the final study. PCNA LI in all of the other groups was significantly lower than the PCNA LI of the control group (no treatment) (41.4±3.1%) (p<0.05). The PDT alone (25.9±4.4%) or PDT with oxaliplatin and gemcitabine (13.7±2.5%) treatments showed a significantly lower PCNA LI than the PCNA LI observed when co-administering oxaliplatin and gemcitabine alone (36.3±3.6%) (p<0.05). Furthermore, the PDT combined with oxaliplatin and gemcitabine group showed a significantly lower PCNA LI than that of the PDT alone group (p=0.015).
Histological findings
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In comparison with the control group (no treatment) (7.1±0.9%), the PVIA in the other groups showed a significantly lower PVIA (p<0.05). The PVIA of the PDT combined with oxaliplatin and gemcitabine (30.7±2.5%) was significantly higher than that of the co-administration of oxaliplatin and gemcitabine alone (23.5±1.3%) or the PDT alone (17.9±1.3%) treatments (p<0.05).
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DISCUSSION
Our institute will administer PDT for neoadjuvant or adjuvant chemotherapy for the treatment of resected cases of bile duct carcinomas. 7 Bile duct cancer often metastasizes in the lymph nodes, invades perineurally, anticancer drugs treatments are necessary to treat the spread of this cancer. 27 Chemotherapy alone using novel anticancer drugs did not show an acceptable survival period (the median overall survival was 4.7-15.4 months), and the tumor response rate was 9-37% (median progression free survival was 3-7.2 months). [28] [29] [30] [31] [32] [33] [34] [35] In Japan, gemcitabine has been mainly used to treat bile duct carcinoma and is now a key drug in the treatment of bile duct carcinoma. 36, 37 Previous our studies using cultured cells showed that the main effect of PDT is apoptosis, evidenced by assays that measured either DNA fragmentation or chromatin condensation. 17, 18 PDT induced NOZ cell death by apoptosis, detected in the Hoechst 33342-stained sections, in a light dose-dependent manner. Based on this preliminary study, the photosensitizer dose and light dose were already determined, which was applied in the present study. Talaporfin sodium (TPS)-PDT has been used for lung cancer treatment, 12 and the strong cytotoxicity in cancer cells was experimentally evaluated, 38, 39 which is the most adequate for the PDT treatment of bile duct carcinoma at this stage. Using the current laser apparatus, the necrotic tumor area, percent of apoptotic positivity, proliferative activity and VEGF expression were similar to that of the previous apparatus (data not shown).
In the present study, we compared the synergic cytotoxic effects of PDT using talaporfin sodium and PDT combined with various anticancer drugs on biliary cancer cells, in vitro and in vivo. Our in vitro results showed that the combined treatment of PDT and a single dose of an anticancer drug showed lower tumor viability compared to the PDT alone treatment.
Furthermore, the combination of the two drugs showed an increased synergic cytocidal effect.
Our in vivo study also showed a more potent apoptotic induction, lower proliferative activity Page 16
and a higher VEGF expression administering PDT combined with anticancer drugs compared with chemotherapy alone or PDT alone treatments. PDT has a direct cytotoxic effect and an indirect effect on the tumor microenvironment, 40 and rapidly induces apoptosis, an inflammatory reaction, tumor-specific and/or non-specific immune reactions and damages the tumor bed microvasculature. [40] [41] [42] An enhanced apoptotic response, as evidenced by the high Bax to Bcl-2 protein ratio in LLC-IL-6 cells, and IL-6 expression are important determinants of the antitumor effect of PDT. 43 A synergic cytotoxic effect by a cytokine or genetic alterations induced by the anticancer drugs might promote the PDT effect. Although the tumor necrotic area of the PDT alone and the PDT with anticancer drugs groups was similar, apoptosis positivity area was higher in the PDT with chemotherapy treatment than that in the PDT alone in the present result. This synergic cytotoxicity might be due to apoptosis. 44 In the present in vivo study, the adequate dose of oxaliplatin and gemcitabine was determined by balancing the resulting cellular toxicity and safety profile. The oxaliplatin dose was similar to that used in the previous study. [45] [46] [47] Although the tumor necrosis effect was the highest at a gemcitabine dose of 100 mg/kg, animal safety could not be determined. Previous animal (mouse) study showed that approximately 50 mg/kg of gemcitabine was used in the lung or pancreas carcinoma model experimentally to determine the cytocidal effect of gemcitabine. [45] [46] [47] [48] Therefore, we chose a 50 mg/kg dose of gemcitabine for the present in vivo study.
In the present study, the PCNA LI was examined to evaluate the tumor proliferative activity. 49, 50 More profound suppression of cancer cell proliferation activity in the PDT with anticancer drugs group than in the PDT alone was observed. Song et al. 51 reported that leukotrienes and cytokines. 52 The above-specified changes in the immune system may mediate the suppressive actions of PDT on the re-growth of residual tumors and its early-to-late cytostatic effects, compared with the conventional PDT using porfimer sodium.
Anticancer drugs may induce synergic affect DNA damage in the various cell cycle mechanisms. 53 PDT induces a severe tumor tissue hypoxia immediately after its application, which is linked to the induction of a photochemical reaction. 54, 55 VEGF secretion is induced in cells under hypoxic conditions. 56, 57 As PDT consumes oxygen, it may generate hypoxic conditions in vivo. Hypoxia-induced stabilization of HIF (hypoxia inducible factor)-1a, followed by its binding to the HRE (hypoxia responsive element) in the VEGF promoter, is a major regulator of VEGF gene expression. 58 As our preliminary study indicates, VEGF expression has been used as an index of tumor tissue oxygenation, and the observed overexpression of VEGF after PDT was likely due to the hypoxia induced by photochemical reactions. 18 Jiang et al. demonstrated that VEGF expression increased within the PDT-treated lesions and remained elevated for some weeks. 59 By noting the hypoxic effect of the PDT alone treatment, VEGF expression might increase by PDT combined with anticancer drug treatments as in our result. Anticancer drugs also have an anti-angiogenic effect, 60 and an anti-angiogenic effect might be synergically influenced by oxaliplatin or gemcitabine.
In the present study, treatment using PDT with a combination of anticancer drugs, such as oxaliplatin and gemcitabine, showed more cytotoxic effects in comparison with PDT alone or PDT with other regimens. Although Oxaliplatin has not been permitted to use for bile duct carcinomas in Japan, the combination of gemcitabine and oxaliplatin with PDT would be a better regimen for future new chemotherapy to treat bile duct carcinoma. Recently, anti-angiogenic chemotherapy drugs, such as bevacizumab, have been used for the treatment of colorectal cancer. 61 Although the molecular targeting drugs cannot be currently used for Page 18 the treatment of bile duct carcinoma at this stage, PDT with such a molecular targeting drug would be still a more powerful chemotherapeutic modality in the future.
In conclusion, the tumor viability measured by the MTT assay showed a significantly higher cytocidal effect in bile duct carcinoma cell line, NOZ, when treated with PDT using talaporfin sodium combined with oxaliplatin and gemcitabine in vitro. In the in vivo study 
